The development of lung cancer is associated with aberrant promoter methylation and thus transcriptional silencing of many tumor suppressor genes or genes critical for cellular maintenance. Here we report that the NADPH oxidases DUOX1 and DUOX2, which are one of the main sources for reactive oxygen species production in the airway, are frequently silenced in human lung cancer. Screening of lung cancer cell lines revealed loss of DUOX1 and DUOX2 expression, which was restored after treatment with 5-aza 2 ¶-deoxycytidine. Two genes, DUOXA1 and DUOXA2, which are transcriptionally and functionally linked to DUOX, also showed coordinated downregulation in lung cancer cells and lung cancer specimen. Bisulfite sequencing and methylation-specific PCR revealed that CpG-rich promoter regions in both DUOX genes are hypermethylated. Epigenetic modification of at least one DUOX gene was detected in 50% of primary adenocarcinomas. Immunohistochemical analysis of airway sections derived from cancerous and matched healthy tissues confirmed down-regulation of Duox in the ciliated epithelial cells lining the respiratory tract. Reintroduction of functional Duox1 into lung cancer cell lines increased cell migration and wound repair without affecting cell growth. Our results suggest that an area on chromosome 15 that includes DUOX1, DUOX2, and their maturation factors is a frequent target for epigenetic silencing in lung cancer. [Cancer Res 2008;68(4):1037-45] 
Introduction
Lung cancer is the leading cause of cancer-related deaths worldwide (1) (2) (3) . Every year, more people succumb to lung cancer than to breast, prostate, and colorectal cancer together (4) . In addition to genomic amplification, homozygous deletion, or mutation of proto-oncogenes and tumor suppressors, epigenetic alterations (i.e., histone modification and DNA methylation) contribute to lung carcinogenesis. Aberrant methylation of CpG islands within the promoter region of tumor suppressors, which leads to epigenetic silencing of these genes, has been recognized as a frequent key event in both early-stage and late-stage lung tumor pathogenesis (2, (5) (6) (7) (8) . More than 40 genes that are inactivated by promoter hypermethylation have been identified (2, 3) . Many of these genes are involved in apoptosis, invasion, DNA repair, cell cycle control, Ras signaling, or cell junction maintenance (9) (10) (11) (12) .
The family of NADPH oxidases comprises seven members, termed Nox1 to Nox5, Duox1, and Duox2. The homology between all members is based on the well-characterized NADPH oxidase domain that is responsible for the production of reactive oxygen species (ROS; refs. 13, 14) . Duox proteins feature an additional extracellular peroxidase domain, with homology to myeloperoxidase and lactoperoxidase (15) . Duox2 is mainly expressed in barrier epithelia of the colon, rectum, salivary gland ducts, and thyroid glands (16) , whereas Duox1 is predominantly found in the airways and thyroid. Both Duox isoforms, which are 83% homologous in their primary sequence, are located in close proximity on human chromosome 15 (17) (18) (19) . Recently, a maturation factor for Duox2, termed DuoxA2, was described (20) . DuoxA2 is located on the same chromosome in a head-to-head arrangement with Duox2 and is necessary for the posttranslational processing and enzymatic activity of Duox2. A similar role has been proposed for a newly identified maturation factor for Duox1, termed DuoxA1, which is also located in head-to-head arrangement with Duox1 on chromosome 15q15. The activation of Duox proteins leads to calcium-dependent hydrogen peroxide generation into the extracellular milieu. Some of the proposed functions include host defense, promotion of wound healing in the airways, and maintenance of airway homeostasis (16, (21) (22) (23) . Additionally, Duox may contribute to mucin expression and to acidification of the airway surface liquid (24, 25) .
Although knowledge about the cellular functions of Duox1 and Duox2 in the airway epithelium is still limited, these NADPH oxidases seem to have a critical role as regulators of epithelial barrier maintenance. During the development of cancer, many homeostatic processes like water homeostasis and tissue repair are altered (26, 27) . Both Duox1 and Duox2 contain CpG-rich promoter regions, making these genes potential targets for aberrant regulation in cancer. The purpose of this study was to assess whether members of the Duox gene family are silenced in lung cancer and the effect that the modulating activity of these genes has on epithelial function in the cancer cell.
A549 and Calu-3, which were cultured in Ham's F12 or MEM (Invitrogen) containing 10% FCS, 10 mmol/L HEPES, and 1 mmol/L sodium pyruvate.
Tissue samples and immunohistochemistry. Eleven paired specimens of primary lung carcinomas and adjacent noncancerous tissue were obtained from the Cooperative Human Tissue Network (Vanderbilt University Medical Center, Nashville, TN), which is funded by National Cancer Institute. Other investigators may have received specimens from the same subjects. In addition, 39 primary adenocarcinomas from Lovelace Respiratory Research Institute were also studied. All tissue samples were collected from surgical resections, quick-frozen, and stored in liquid nitrogen immediately after excision. Classification was deduced from pathology reports accompanying the coded tissue samples and tumors were staged according to the tumornode-metastasis staging system by the American Joint Committee on Cancer. Immunohistochemical studies were done on paired tumor and adjacent tissue specimens (Cooperative Human Tissue Network). Deparaffinized sections containing airway crosscuts were stained with anti-Duox and subsequent biotin-streptavidin detection as in ref. 29 . The anti-Duox antibody was raised in rabbits to amino acid residues 775 to 1,026 of hDuox1. Visualization was done with 3-amino-9-ethylcarbazole (Sigma). As negative control, immunohistochemistry was done with preimmune serum.
Nucleic acid extraction. Total RNA and genomic DNA from primary cells and cell lines were isolated with RNeasy Kit or DNeasy Tissue Kit (Qiagen). Total RNA from tissue specimens was isolated with a combination of phenol-chloroform and spin-column purification. Three cuts at different positions were done on each tissue. Genomic DNA was isolated simultaneously with total RNA from the same tissue specimen. Integrity of genomic DNA was confirmed by Alu sequence PCR.
Qualitative and quantitative PCR. cDNA was prepared either with SuperScript II (Invitrogen) or High Capacity cDNA reverse transcription kit (Applied Biosystems) and PCR was done using Taq DNA Polymerase (New England Biolabs) or GoTaq Flexi DNA Polymerase (Promega). Primer sequences and cycling parameters are described in Supplementary  Table S1 . PCR products generated from tissue specimen cDNA were continually measured with an ABI PRISM 7900 Sequence Detection System (Applied Biosystems). Each sample triplicate was probed for Duox1 (Hs00213694_m1, Applied Biosystems), DuoxA1 (Hs00328806_m1), and Duox2 (Hs00204187_m1) and was normalized against human actin (Hs99999903_m1). Relative DUOX1, DUOX2, and DUOXA1 [gene of interest (GOI)] mRNA amounts in the different tissue samples were standardized against the amount of actin mRNA and expressed as DCT = (CT h-actin À CT GOI ). The mRNA copy ratio of gene of interest to actin was calculated as 2 DCT and normalized to the highest expression of the respective GOI.
Bisulfite modification and methylation analysis. Genomic DNA was subjected to bisulfite treatment using the EZ DNA Methylation Kit (Zymo Research). CpG islands in the promoter regions of DUOX1, DUOX2, DUOXA1, and DUOXA2 were identified by using CpG island searcher (30) . A CpG island was defined by the following criteria: GC >55%, observed CpG/ expected CpG >0.65, and length >500 bp. For methylation-specific PCR (MSP), universal primers unbiased for potential CpG conversion sites were used to amplify a larger fragment of the promoter region of DUOX1 (Universal-a: À262 to +58; Universal-b: À256 to +69) and DUOX2 (Universala: À566 to +65, Universal-b: À327 to À76), respectively. This product was used as template for subsequent MSP and unmethylation-specific PCR (USP) reactions. For bisulfite sequencing, modified genomic DNA was subjected to PCR using the bisulfite sequencing PCR primer set, amplifying a region from À894 to +1411 (DUOX1) or À755 to À52 (DUOX2; see Supplementary Table S1 ). The PCR amplicons were gel purified with the Pure Link Quick Gel Extraction Kit (Invitrogen) and subcloned into pCR4-TOPO (Invitrogen). Methprimer software was used to design the biased MSP, USP, and BSP primers (31).
5-Aza-2 ¶-deoxycytidine and trichostatin A treatment. Lung cancer cell lines were incubated in medium containing 5% FCS in the presence or absence of 1 Amol/L 5-aza-2 ¶-deoxycytidine (Aza; Sigma) or 5 ng/mL trichostatin A (Sigma). The medium was changed every 24 h and replenished with fresh Aza or trichostatin A. Cells were harvested after 2 and 5 days of trichostatin A and Aza treatment, respectively, and RNA or protein was isolated for further analysis.
Western blot analysis. Whole-cell lysates were electrophoresed and blotted as described (32) . Immunoblots were probed with anti-Duox, antic-Myc (Santa Cruz Biotechnology), or anti-a-tubulin (Sigma) antibodies. Secondary antibodies were horseradish peroxidase-conjugated goat antirabbit or goat anti-mouse (Southern Biotech).
Determination of H 2 O 2 production. Extracellular H 2 O 2 in the presence or absence of 2 Amol/L ionomycin (Sigma) or 1 Amol/L thapsigargin (Invitrogen) was measured for 30 min as previously described (32) .
Lentivirus production and cell infection. Human Duox1 and DuoxA1 (DQ 489735) were cloned into the CGW lentiviral expression vector (provided by B.E. Torbett, Department of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla, CA). Virus particles were produced as described elsewhere (33) . Duox1-and DuoxA1-deficient lung cancer cell lines A549 and H157 were incubated with viral supernatant in the presence of polybrene (4 Ag/mL; refs. 33, 34).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. A549 and H157 cells were seeded in triplicate and grown for up to 5 days in 0.5% Ham's F12 and 2% RPMI, respectively. Proliferation was measured by reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma) into formazan. Cells were incubated with 0.5 mg/mL MTT for 30 min before the precipitate was dissolved in DMSO. The absorbance (540 nm) of the solution was determined spectrophotometrically (Synergy HT, Bio-Tek Instruments).
Transwell migration. Migration experiments were done on Transwell semipermeable membranes (8 Am, Corning Costar Transwell Clear), which were coated with 0.15 Ag/AL human placenta collagen type IV. Briefly, lung cancer cell lines expressing control vector, DuoxA1, or Duox1/DuoxA1 were suspended in 0.5% fetal bovine serum (FBS)-containing medium. Cells (1 Â 10 5 ) were plated on top of the insert and directional migration was induced by adding 10% FBS-containing medium to the bottom chamber. Cells were cultured at 37jC for 2 h (H157) or 3.5 h (A549). The remaining cells on top of the insert were removed and cells adherent to the bottom membrane were fixed, stained with Quik-Dip (Mercedes Medical), and quantified.
Wound closure assay. Duox1/DuoxA1-infected lung cancer cell lines or EV control cell lines were grown to confluency on photoetched coverslips (Bellco Glas, Inc.) precoated with bovine fibronectin (20 ng/mL; Sigma). After generation of a linear wound, pictures were taken at the same positions using a phase-contrast microscope at the indicated times. Wound areas were measured in triplicate using Metamorph 6.2 software (Molecular Devices Corporation).
Statistical analysis. Data are shown as mean F SE. Differences in hydrogen peroxide production per milligram of protein per hour, cell migration rates, and transcript levels were assessed by using a two-tailed Student's t test. P < 0.05 was regarded as statistically significant. Significance levels were *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
Results
Loss of DUOX expression in human lung cancer cell lines. Human primary lung epithelial cells (SAEC and NHBE), immortalized human lung epithelial cells (BEAS-2B and SALE), and several lung cancer cell lines were examined to determine if the expression or activity of Duox enzymes is altered during lung carcinogenesis. DUOX1 expression was reduced or absent in 9 of 12 lung cancer cell lines, whereas abundant transcript was present in normal and immortalized lung epithelial cells (Fig. 1A) . Expression of this gene was reduced or lost in three small-cell lung cancer cell lines (H69, H82, and SHP-77) and six of nine non-small-cell lung cancer cell lines. Expression of the closely related NADPH oxidase DUOX2 and the Duox maturation factors DUOXA1 and DUOXA2, which are located adjacent to DUOX1 on chromosome 15, was also assessed. DUOX2 was expressed, albeit at lower levels than DUOX1, in normal and immortalized cell lines (Fig. 1A) . In most lung cancer cell lines, DUOX2, DUOXA1, or DUOXA2 message was absent. Slight differences in DUOXA1 or DUOXA2 expression were observed contingent on the PCR conditions (see Fig. 1A and B) . Only coordinated expression of DuoxA1 with Duox1 and of DuoxA2 with Duox2 will allow for maturation of the NADPH oxidase and translocation of a functional enzyme to the plasma membrane. Thus, our results indicate that only the cancer cell line H292 contains a functional oxidase. Reduction in Duox protein levels and functional assays for Duox-mediated ROS generation confirmed this notion. 3 Recovery of Duox1 expression in lung cancer cell lines. CpG islands were identified in the promoter regions of DUOX1, DUOX2, and their respective maturation factors. Lung cancer cell lines were treated with the methyltransferase inhibitor 5 ¶-aza-2 ¶-deoxycytidine (Aza) for 5 days to determine if expression of these genes was being regulated by promoter hypermethylation. Aza treatment restored DUOX1 expression in all tested lung cancer cell lines (Fig. 1B) and induced DUOX2, DUOXA1, and DUOXA2 expression in four of five cancer cell lines.
Histone acetylation, a dynamic mechanism of epigenetic gene regulation, has been linked to active gene transcription in euchromatin (35) . Deacetylation, a process catalyzed by the family of histone deacetylases, mediates transcriptional repression and associates with DNA methylation (36) . Treatment of DUOXdeficient lung cancer cell lines with the histone deacetylase inhibitor trichostatin A did not increase expression, indicating that histone deacetylation alone is not responsible for the transcriptional silencing of DUOX (data not shown).
Cell lysates from Aza-treated cancer cells were probed with antiDuox antibody (Fig. 1C, top) . A band of f180 kDa was observed after Aza treatment. The anti-Duox antibody specifically recognizes Duox, although it will not discriminate between Duox1 and Duox2. 3 Mature Duox enzymes generate H 2 O 2 on calcium mobilization, which can be measured using the reduction of homovanillic acid as the readout. Aza-treated A549 or H661 cells, stimulated with ionomycin, produced only minimal amounts of H 2 O 2 (data not shown). However, coexpression of Duox1 and DuoxA1 in cancer cell lines yielded substantial H 2 O 2 generation on ionomycin stimulation (see Fig. 5A ). Primary lung epithelial cells up-regulate Duox during ALI-mediated differentiation and thus generate in cell culture conditions much lower amounts of ROS. 3 We hypothesized that Aza-mediated Duox protein recovery in normal cell culture conditions might be too modest to support function. A comparison of protein levels achieved by Aza treatment versus exogenous Duox1 expression confirmed this notion. Immunoblots detected Duox protein after 1 s of enhanced chemiluminescence (ECL) exposure in cell lysates derived from H661 cells transiently transfected with Duox1/DuoxA1, whereas Aza-recovered endogenous Duox was barely detectable after 20 s (Fig. 1C, bottom) . It is also conceivable that the maturation process of Duox, and thus the processing to a fully functional enzyme, is still disturbed in Azatreated cancer cells. An antibody recognizing endogenous DuoxA1 is not available, which precluded analysis of DuoxA1 protein expression in Aza-treated cells.
The promoters of DUOX1 and DUOX2 are hypermethylated in lung cancer cell lines. The reversal of gene silencing by Aza and the fact that DUOX1 and DUOX2 both contain a CpG islands suggest that these genes are being regulated through aberrant promoter hypermethylation. The DUOX promoter regions 5 ¶ of the transcriptional start site in five lung cancer cell lines that showed Aza-induced gene reexpression (A549, H157, H441, H661, and H727) and in cells expressing endogenous DUOX expression (NHBE, SALE, and H292) were sequenced following bisulfite modification ( Fig. 2A) . Bisulfite sequencing of eight individual clones each disclosed very dense DUOX1 promoter hypermethylation of the 71 analyzed CpG sites in both A549 and H661 cells. Whereas f30% to 35% of CpG sites in the DUOX1 promoter region were methylated in H157 cells, primary NHBE showed almost no methylated CpG sites. The bisulfite sequencing revealed less overall methylation at the 39 investigated CpG sites of the DUOX2 promoter in the three selected cancer cell lines. Based on the results of the bisulfite sequencing, we carried out methylation specific PCR. Using bisulfite-treated genomic DNA a CpG-rich region of the DUOX promoters was amplified with universal primers, which were not biased for CpG sites. The product of this reaction was probed with primers specific for methylated (MSP) or unmethylated sequences (USP). MSP conditions identified the three bisulfite sequenced cancer cell lines and one other DUOX1-negative cell line (A549, H157, H661, and H441) as methylation positive within the chosen promoter sequence (Fig. 2B) . As expected, the amplified promoter region of DUOX1-expressing primary lung epithelial cells (NHBE) was not methylated and could be amplified with USP primers. The analyzed unmethylated CpG site. Location of MSP and USP primers (set a) is indicated with arrows. B, the methylation status of the promoters of DUOX1 and DUOX2 in lung cancer cell lines and in normal lung epithelial cells was analyzed using MSP. Both promoter regions were amplified with primer set Universal-a, followed by PCR using primer set MSP-a and USP-a. Primer locations: Duox1 Universal-a (À262 and +58), Duox1 MSP-a (À96 and +19), Duox1 USP-a (À186 and +21), Duox2 Universal-a (À566 and +65), Duox2 MSP-a (À199 and À18), and Duox2 USP-a (À517 and À402).
DUOX1 promoter region of cancer cell line H157 was positive for both methylated and unmethylated sequences, which indicates partial methylation, correlating well with the bisulfite sequencing results. Cancer cell line H727, which showed Aza-inducible recovery of DUOX1 message, was not methylated in this promoter region. This could indicate either that methylation occurred at a different cytosine-rich site of the promoter or that other epigenetic modifications inactivate DUOX1 gene transcription in these cells. MSP results were confirmed with the second primer set (data not shown). MSP of the DUOX2 promoter revealed that primary lung epithelial cells are negative for methylation, whereas all tested lung cancer cell lines are at least partially methylated. Bisulfite sequencing results and strong MSP signals for DUOX2 correlated well in the cancer cell line A549. Cell lines H157 and H661 showed a much weaker MSP signal and less methylationpositive CpG sites, although Aza treatment recovered DUOX2 similarly. Eight individual clones were bisulfite sequenced and it is possible that not all alleles present in the cancer cell populations were characterized. Unmethylated sequences were detectable in all samples, except one lung cancer cell line (H441), indicating a much higher diversity within the probed DUOX2 promoter sequence than observed in DUOX1.
Down-regulation of DUOX expression in primary lung cancer. DUOX mRNA levels were analyzed in 11 primary tumors derived from non-small-cell lung cancer patients. The histologic type of the cancer and the corresponding stage are listed in Supplementary Table S2 . Tumor tissues and paired adjacent tissues were dissected at three different regions and real-time PCR was done with DUOX-specific primers. Nine of eleven patients showed a statistically significant reduction of DUOX1 expression in tumor tissue compared with the corresponding adjacent tissue ( Fig. 3A ; P < 0.038). One patient displayed lower DUOX1 expression in lung tumor tissue that was not significantly different from adjacent tissue, whereas DUOX1 mRNA levels of another patient were elevated in cancer tissue when compared with adjacent tissue. DUOXA1, which is essential for Duox1 function, showed a similar profile of down-regulation in primary lung cancers ( Fig. 3B ; P < 0.02), supporting the premise that expression of Duox1 and DuoxA1 may be linked. Analysis of DUOX2 also showed statistically significant lower transcript levels in lung cancer tissue in 7 of 11 patients ( Fig. 3C ; P < 0.034). Two patients retained DUOX2 expression while losing DUOX1 and DUOXA1 expression. Taken together, these results suggest that expression of DUOX1, DUOXA1, and DUOX2 is significantly reduced in lung tumors.
Decrease of Duox protein in tumorigenic airway tissues. Immunohistochemical staining on paired adjacent and tumor tissue samples derived from two patients was done to evaluate the relationship between DUOX expression and protein levels. Duox was detected predominantly in ciliated epithelial cells lining the airways in histologically normal-appearing tissue from patients 11 and 7 (Fig. 4A) . Considerably weaker staining was observed in the corresponding airways of tumor samples derived from the same patients. No staining of airway cells was detected when using Duox preimmune serum. Limited amounts of tissue precluded analysis of additional specimens.
Methylation of DUOX in primary tumors. The relationship between expression and methylation of DUOX1 in primary tumors was determined by MSP. Five patients, whose tumors showed significant down-regulation of DUOX1 in quantitative PCR, were chosen for MSP and USP analysis. DUOX1 hypermethylation was detected in all tumors (Fig. 4B) . Methylated alleles of DUOX1 were seen in one of five adjacent tissues, suggesting the presence of extensive field cancerization or occult tumor cells in this sample. USP yielded PCR products in all five patient samples (data not shown), which most likely arises from infiltration of nontransformed cells into the tumor (37, 38) .
The prevalence for methylation of the DUOX1 and DUOX2 genes was also determined in 39 primary lung adenocarcinomas (Fig. 4C) . Methylation of DUOX1 and DUOX2 was seen in 28% and 38% of tumors, respectively. Fifty percent of tumors showed methylation Figure 3 . DUOX1, DUOXA1, and DUOX2 expression analysis in paired cancerous and adjacent lung tissue samples. A to C, quantitative PCR of DUOX1 (A ), DUOXA1 (B ), and DUOX2 (C ) was done on tissue cuts derived from three different regions of the tissue sample in triplicate. Each cut was individually normalized to actin. Columns, mean of independent experiments; bars, SE (n = 3). *, P < 0.05; **, P < 0.01; ***, P < 0.001, two-tailed Student's t test.
in at least one of the DUOX genes, and in seven tumors both genes were methylated.
Reconstitution of functional Duox1 results in inducible H 2 O 2 production. Attempts have been made to transiently transfect Duox proteins to analyze their regulation in model cell lines. However, the proteins failed to mature and remained nonfunctional or partially functional in the endoplasmic reticulum (39, 40) . We cloned DuoxA1, the Duox1 maturation factor, from primary lung epithelial cells. Duox1 and DuoxA1 were inserted into lentiviral expression vectors to allow infection of lung cancer cell lines. Duox1 and DuoxA1 were stably reconstituted in two Duoxdeficient lung cancer cell lines (A549 and H157). The transduced cell lines regained the ability to produce H 2 O 2 on stimulation with ionomycin or thapsigargin when both oxidase and its maturation factor were present (Fig. 5A) .
Reintroduction of Duox1 promotes cell migration. Duox1 is the predominant form of Duox in the lung. Therefore, we focused on how loss of Duox1 alters lung epithelial functions. Duox1 has been implicated in airway homeostasis and cell migration (22, 23) . Directional migration of vector-or Duox1-expressing cells was analyzed by creating a wound in a confluent monolayer of transduced A549 and H157 cells. Cells expressing Duox1 together with DuoxA1 were able to migrate and close the wound faster than Duox1-deficient cells (Fig. 5B) . We investigated Duox1-mediated migration more closely by analyzing migration rates in Transwell chambers. Cells were seeded in low-serum medium on top of Transwell membranes and were allowed to migrate to the bottom of the chamber containing serum-rich medium. A549 and H157 cells expressing only DuoxA1 or empty vector migrated into the bottom of the insert, although to a much lower extent than cells expressing functional Duox1/DuoxA1 (Fig. 5C ). Taken together, these results show that functional Duox1 expression promotes directional migration as well as wound repair.
Proliferation is not influenced by Duox1. The process of wound closure does not only involve cell migration, but necessitates at later stages cell proliferation to repopulate injured areas. Cell proliferation has been linked to increased ROS generation by various cellular sources including the NADPH oxidase Nox1 (41, 42) . Because Duox1 has the ability to produce ROS, we assessed whether the introduction of functional Duox1 has an effect on cellular growth rates. The presence of the Duox1/ DuoxA1 or DuoxA1 alone did not alter proliferation of A549 and H157 cells when compared with the empty vector-transduced cells (Fig. 5D ), indicating that restoration of functional Duox1 in selected lung cancer cell lines does not influence cell growth.
Discussion
This study identifies the lung NADPH oxidases DUOX1 and DUOX2 as commonly silenced genes in human lung cancer. We observed loss not only of both DUOX genes but also of both DUOXA maturation factors in lung cancer cell lines and tumor specimens. The close proximity of DUOX and DUOXA promoters together with their unique functional relationship may indicate linked gene expression, which is lost on methylation events directed at this chromosomal region. In fact, almost all of the tested lung cancer cell lines did not express functional Duox1 or Duox2. Only H292 cells showed mature Duox expression and Figure 5 . Reintroduction of Duox1 into cancer cell lines promotes wound healing. A, Duox1-dependent H 2 O 2 production. Lung cancer cell lines A549 and H157 were transduced with empty vector (EV), DuoxA1, or Duox1/DuoxA1. H 2 O 2 production was determined after stimulation with ionomycin (2 Amol/L) or thapsigargin (1 Amol/L). The immunoblots depict Duox1, DuoxA1 (myc), and tubulin expression in cell lysates. **, P < 0.01; ***, P < 0.001. B, wound closure is accelerated by Duox1. Cell migration across the wound edge after introduction of a linear wound was measured for 9 and 15 h for transduced H157 and A549 cells, respectively. Data were collected from at least nine random fields and are presented as percent closed wound (bars, SE). **, P < 0.01; ***, P < 0.001, compared with the mean of Duox1 + DuoxA1 set as 100% (Student's t test). C, directional migration is increased by Duox1. Cell migration was initiated by adding FBS to the bottom of the Transwell migration chamber. After 2 and 3.5 h for A549 and H157 cells, respectively, cells on the bottom of the filter were counted. Columns, percent of EV control from triplicates of one representative experiment (n = 3); bars, SE. *, P < 0.05. D, Duox1 expression does not alter cell proliferation. Transduced A549 and H157 cells were grown in low-serum conditions for up to 5 d. Mitochondrial activity was measured every 24 h spectrophotometrically at 540 nm. Shown is a triplicate of one representative experiment (n = 3).
calcium-mediated H 2 O 2 generation that was comparable to primary lung epithelial cells. 4 Thus, the normal functions of Duox will be severely disturbed in lung cancer.
The condition of the airway epithelium is of critical importance for the host. It can easily be disturbed through inhaled small particles prevalent in diesel exhaust and cigarette smoke, which are also known to trigger proinflammatory conditions. Continuous exposure to these particles and persistent inflammation can result in an impaired ability to repair damaged tissue, thus resulting in tissue injury and degeneration. Because Duox1 has been associated with airway homeostasis and wound healing (22) (23) (24) , the transcriptional silencing of DUOX might exacerbate the development of abnormal tissue. It is likely that loss of Duox will lead to an impaired ability of airway epithelial cells to react to tissue damage causing increased inflammation. On the other hand, accelerated wound closure by Duox will help in diminishing inflammatory processes. In fact, cigarette smoke has already been connected to decreased migration and impaired wound repair (27) .
In addition, ROS provided by Duox may also be required to block cytokinesis in fully differentiated lung epithelium. A recent report linked intracellular ROS accumulation to the establishment of senescence, thereby connecting ROS to tumor suppression (43) . This is in contrast to the well-described tumor-promoting activities of ROS, which have been implicated in enhanced cell proliferation and metastasis. Duox reconstitution in lung cancer cell lines did not alter growth rates of two selected lung cancer cell lines; however, Duox might be involved in maintaining the differentiated phenotype and the ability for rapid tissue repair in the airways.
In summary, we here report frequent down-regulation of both Duox NADPH oxidases in lung cancer. Analysis of tumor specimens indicates that aberrant hypermethylation of the DUOX1 and DUOX2 promoters is the predominant factor for loss of Duox. Interestingly, all promoters of human DUOX or DUOXA genes harbor CpG islands. This might make these promoter regions especially susceptible to epigenetic deregulation, particularly in the context of recent findings of Brena et al. (44) , who reported that loci at 15q15.1 and 15q22.2, which are in close proximity to the Duox gene cluster at 15q15-21, are aberrantly methylated. Thus, the Duox locus and the surrounding area on chromosome 15 might constitute a potential hotspot for nonrandom CpG island methylation. DNA methylation at these loci may not only mediate gene silencing but may also constitute a preferred target area for chemical carcinogens resulting in DNA damage (45) .
